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Hsp70 chaperones are central hubs of the protein quality con-
trol network and collaborate with co-chaperones having a J-do-
main (an �70-residue–long helical hairpin with a flexible loop
and a conserved His–Pro–Asp motif required for ATP hydroly-
sis by Hsp70s) and also with nucleotide exchange factors to facil-
itate many protein-folding processes that (re)establish protein
homeostasis. The Hsp70s are highly dynamic nanomachines
that modulate the conformation of their substrate polypeptides
by transiently binding to short, mostly hydrophobic stretches.
This interaction is regulated by an intricate allosteric mecha-
nism. The J-domain co-chaperones target Hsp70 to their poly-
peptide substrates, and the nucleotide exchange factors regulate
the lifetime of the Hsp70 –substrate complexes. Significant
advances in recent years are beginning to unravel the molecular
mechanism of this chaperone machine and how they treat their
substrate proteins.

Hsp70 function and allosteric cycle

The 70-kDa heat shock proteins (Hsp70) are universal tools
of cellular protein folding. They are able to interact with many
types of protein conformers as follows: with extended polypep-
tide segments during de novo folding of nascent chains at the
ribosome or at the translocation pores (1, 2); with aggregation-
prone folding intermediates and stress-denatured protein con-
formers, during reactivation of misfolded proteins (3); with
aggregated and even amyloidic protein states during solubiliza-
tion of protein aggregates and breaking of amyloid fibrils (4);
and with natively folded proteins, during control of stability and
activity of regulatory proteins like transcription factors (5) and
assembly and disassembly of protein complexes like clathrin
cages (6) or DNA replication initiation complexes (Fig. 1a) (7).

Three key features of Hsp70s contribute to their versatility.
1) With their tweezers-like substrate-binding domain (SBD)2

Hsp70s interact with short degenerative sequence motifs, fre-
quently found in practically all polypeptides, apart from intrin-
sically disordered proteins. This mode of action allows
interaction with polypeptides and protein complexes inde-
pendent of their size. In addition, the SBD also can interact
with folding intermediates and folded parts of proteins and
stabilize these structural entities (8). 2) The interaction of
Hsp70s with folding proteins is transient and regulated by a
sophisticated allosteric mechanism that couples ATP hydro-
lysis and ATP rebinding in their nucleotide-binding domain
(NBD) with binding and release of substrate polypeptides. 3)
Hsp70s do not act alone, but J-domain proteins (JDPs) and
nucleotide-exchange factors (NEFs) tweak the allosteric
mechanism of Hsp70s and thus control substrate binding
and release (Fig. 1b).

Much has been learned about the molecular mechanism of
allostery of Hsp70s through X-ray crystallography, NMR, and
structure-guided mutagenesis. Although genetics and the anal-
ysis of the structures of individual domains already revealed a
number of residues involved in the allosteric mechanism, only
the recent elucidation of an ATP-bound Hsp70 in the open
conformation allowed us to integrate these and additional res-
idues into a functional network.

The first structural study on Hsp70s revealed their NBD as a
structural relative to actin, consisting of two lobes with a deep
cleft between them and each lobe subdivided into two sub-
domains with each of the four subdomains contributing to ATP
binding (9). Later, the SBD was shown to have a unique fold,
consisting of a twisted �-sandwich domain (SBD�), an �-heli-
cal lid domain (SBD�), and a C-terminal unstructured region of
largely unknown function (Figs. 1b and 2a) (10, 11). The SBD�
harbors the polypeptide-binding cleft with a deep pocket tai-
lored for a single hydrophobic amino acid side chain. The cleft
is built up by two pairs of �-strands that form a scissors-like
opening and two concentric sets of upward protruding loops
that enclose the peptide backbone. The SBD� restricts access to
this cleft by docking onto two of the loops and forming a latch
with the other two. The structure of the isolated SBD was con-
sistent with a high affinity for peptide substrates and low sub-
strate association and dissociation rates, a property that this
domain has in the nucleotide-free and ADP-bound state. NMR
studies suggested that in the ADP-bound state, NBD and SBD
tumble largely independent of each other, only connected
through the highly conserved and flexible linker (12, 13). In
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contrast, ATP binding to the NBD induces a dramatic rear-
rangement of the entire structure, leading to an increase of
substrate association and dissociation rates by 100- and 1000-
fold, respectively, and a decrease in affinity for peptides by
10 –50-fold (14, 15). The structure of the ATP-bound open
conformation of the Escherichia coli Hsp70 DnaK revealed
these dramatic structural rearrangements (Fig. 1, b and c). The
lobes of the NBD rotate relative to each other, leading to the
opening of a lower crevice into which the linker binds, and
SBD� and SBD� dissociate from each other and dock onto two
faces of the NBD (16, 17). The docking of the SBD� to the NBD
has two consequences: first, the substrate-binding cleft opens,
consistent with high-substrate dissociation rates; and second,
the NBD is locked in a lobe-rotated state, incapable of hydro-
lyzing ATP, explaining the very low intrinsic ATP hydrolysis
rate of Hsp70s, a state that was described as a tug of war (18).
Not surprisingly, such a mechanism requires a large number of
residues to interact with each other and to coevolve as was
revealed by evolutionary coupling analysis (19, 20). This transi-
tion between ADP- and ATP-bound states constitutes one key
feature of Hsp70s: the association to substrate polypeptides
occurs at the high rates of the ATP state, and concomitant ATP
hydrolysis leads to trapping and tight binding in the ADP state.
The coupling of polypeptide association and ATP hydrolysis is
guaranteed by the fact that substrate polypeptides are able to
stimulate the intrinsic ATPase rate through a series of residues
that sense insertion of an amino acid side chain into the hydro-
phobic pocket in the SBD� and transmits the conformational
changes to the NBD (Fig. 3) (21). The efficient trapping of sub-
strates requires the presence of a JDP that couples polypeptide
binding to Hsp70s with ATP hydrolysis (22, 23). This nonequi-
librium mode of substrate binding has as a consequence an
extremely high affinity for substrates, which was coined ultra-
affinity (24).

Interaction of Hsp70s and their substrates

The functions of Hsp70s, although impressively diverse, have
at their center a common mechanism that is based on the bind-
ing and subsequent ATP-mediated release of substrates. Gen-
erally, Hsp70 substrates are partially folded and thus expose
sequences that would normally be intimately packed into the
natively folded client and inaccessible. In some cases, clients
display sequences that are accessible expressly for the purpose
of chaperone recognition for specific functions (25). As dis-
cussed in more detail below, JDPs mediate the productive deliv-
ery of substrates to Hsp70s and may play critical roles in how
substrates first interact with an Hsp70. Moreover, a key
aspect of the action of Hsp70s on their substrates is the tim-
ing of the cycle of binding and release, which the JDP
strongly influences by stimulation of the Hsp70 ATPase

Figure 1. Hsp70 functions and ATPase cycle. a, JDPs target Hsp70s to a
diverse set of substrates, including nascent polypeptide chains at the ribo-
some or translocation pore, to misfolded, aggregated, or amyloidic proteins,
to oligomeric protein complexes, and to certain native proteins. b, structures
of E. coli DnaK in the ATP-bound open conformation (PDB code 4B9Q, (16))
and the ADP-bound closed conformation (PDB code 2KHO (13)) with NBD

lobe I in dark blue, lobe II in light blue, the conserved interdomain linker in
yellow, SBD� in dark green, and SBD� in light green. Substrates (dark red) tar-
geted by JDPs bind with high association rates to the open conformation of
Hsp70�ATP (indicated as transparent peptide from the aligned 1DKX struc-
ture (10)) and in synergism with the JDP trigger ATP hydrolysis and transition
to the ADP-bound closed high-affinity state. NEFs accelerate ADP release, and
rebinding of ATP converts Hsp70 back to the low-affinity ATP-bound state
with subsequent substrate release. c, schematic illustrating ATP-induced con-
formational changes in Hsp70s; colors as in b.
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activity, as does the NEF (see below for deeper discussions of
the co-chaperone functions). Although the chaperone sys-
tem functions with these co-chaperones, the Hsp70 itself has
a capacity to bind a wide array of clients with nucleotide-
modulated affinity.

Hsp70s are selectively promiscuous in their binding to
substrates

Peptide array data have shown that the E. coli Hsp70, DnaK,
which has served as a paradigm for the Hsp70 family, has a
strong preference to bind hydrophobic sequences (consistent
with the preference for partially unfolded substrates) with some
positive residues flanking the bound region (26, 27). Two algo-
rithms that predict possible substrate-binding sites of DnaK
have been developed, largely based on the peptide array data:
one is from Bukau and co-workers (26), and the other, called
Limbo, is from Rousseau and Schymkowitz and co-workers
(27). Application of these prediction algorithms reveals that
there are potential DnaK-binding sites with high frequency
(one every 40 residues) in the E. coli proteome. Analogous pre-
dictive algorithms have been developed for the eukaryotic
Hsp70, BiP, using a combination of phage display and peptide
array data (28, 29). The results show that there may be some
chaperone-to-chaperone variation in substrate preferences,
but the ability to bind many sequences is a common Hsp70
property. The binding function of Hsp70s thus displays prom-
iscuity in that many clients can bind, and selectivity, in that

Hsp70s do not bind all proteins or all sequences in the pro-
teome. It is fascinating to explore the origins of this selective
promiscuity.

Client binding to Hsp70s is mediated primarily by a channel
in the SBD. Most of our understanding of the structural details
of Hsp70 –substrate binding has been derived from studies of
peptide models (25). A number of structures from crystallogra-
phy (10, 30, 31) and NMR (32, 33) show that these peptide
substrate models bind in an extended conformation to a site in
the SBD�, with the helical subdomain as a lid (Fig. 2a). The
helical lid must dissociate before the substrate can bind and be
released, which explains why binding and release from ADP-
bound Hsp70s is very slow. Nonetheless, the helical lid has
dynamic character even in ADP-bound Hsp70s (Fig. 2b)
(34 –36).

Inspection of available crystal structures of the SBD bound to
peptide models provides a detailed picture of the binding inter-
action. The binding cleft is made up of five pockets formed by
the �-sandwich subdomain, suggesting that the core binding
site for an Hsp70 substrate is five residues long (Fig. 2a, right
panel). The residue occupying the central pocket of the binding
site, called the “0th position,” confers the highest sequence spec-
ificity in Hsp70 –substrate binding (37). Leu fits optimally in
this pocket, and Ile, Val, and Phe fit less well. The ability of the
other pockets to accommodate a range of amino acids underlies
the promiscuity, whereas the stringent fit to the central pocket

Figure 2. Hsp70 –substrate interaction and helical lid dynamics. a, on the left is shown the substrate-binding domain of the E. coli Hsp70, DnaK, with the
model peptide NRLLLTG (in cyan) bound to the binding cleft (10) (PDB code 1DKZ). This side view of the crystal structure shows how the �-subdomain cradles
the model substrate in an extended conformation, with the helical lid serving as a cover over the peptide substrate. On the right is shown a top view of
the SBD–NRLLLTG complex (with the helical lid removed) to illustrate the five pockets that comprise the canonical binding site (numbered). The
structure shows the extended backbone of the peptide substrate model and the fit of side chains into the pockets on the chaperone. b, on the left is
shown the ADP- and substrate-bound conformation of DnaK (PDB code 2KHO (13)), including a bound model peptide substrate (NRLLLTG) (in red), with
a schematic representation of the potential movements of the helical lid that have been observed to occur by a variety of methods (34 –36). On the right
is shown how the lifting of the helical lid away from the �-subdomain enables the binding of a partially folded client protein to the canonical binding
groove in the SBD. The protein depicted here, a mutant form of apoflavodoxin, illustrates a representative ensemble of unfolded states as determined
by NMR (PDB code 2KQU) (121).

JBC REVIEWS: Hsp70s: recent mechanistic concepts

J. Biol. Chem. (2019) 294(6) 2085–2097 2087



and the preference for positively charged sequences account for
selectivity.

Their selective promiscuity suggests that Hsp70s could bind
most proteins in the proteome, if binding sites were accessible.
This raises the intriguing question of how many clients interact
with Hsp70s in vivo? Depletion of DnaK in E. coli caused wide-
spread aggregation of cytosolic proteins associated with a wide
array of functions, particularly when combined with the dele-
tion of a trigger factor (38, 39). A complementary study identi-
fied in vivo substrates of DnaK by treating cells with apyrase to
lock substrates into complex with the chaperone high-affinity
state, followed by immunoprecipitation and identification of
the bound substrates by MS (40). Of the �700 DnaK substrates
identified, most were cytosolic. There were some properties in
common with these substrates: increased aggregation propen-
sity (as demonstrated in an in vitro expression system by Niwa
et al. (41)), relatively low abundance, complex topologies, and
the presence of predicted DnaK-binding sites. Both newly syn-
thesized and pre-existing proteins were among the DnaK sub-
strates, as expected given the roles of DnaK both early in bio-
synthesis and later in maintenance of the health of the
proteome. The authors concluded that DnaK is a key hub in
protein homeostasis and that a large fraction of expressed pro-
teins may flux through DnaK.

Varied nature of Hsp70 complexes with protein substrates

Proteins could be envisioned to bind to Hsp70s in a variety of
ways. Accessible, unstructured regions of highly unfolded sub-
strates may bind very much like peptides. Alternatively, par-
tially folded proteins could bind in a compact, molten globule-
like state. Finally, a structured protein substrate may display an
unfolded accessible sequence, for example at one of its termini.
Although we lack a detailed structural picture of a protein
bound to an Hsp70, there are studies supporting each of these
paradigms (8, 42, 43). A recent in-depth nuclear magnetic res-
onance (NMR) study (44) examined how DnaK bound two
model substrate proteins, one with a helical native structure
and one with a largely �-sheet native fold. Both of these sub-
strates were presented to the chaperone as ensembles contain-
ing some partially folded species and some unfolded species.
Chaperone binding occurred via conformational selection of
unfolded states rather than by “unfolding” of partially folded
species, and the mode of binding was like that of peptide mod-
els. In other cases, the Hsp70-bound substrate has been found
to exist in a compact non-native or near-native state. For exam-
ple, a recent single molecule optical tweezer study of the impact
of the DnaK chaperone system on the folding and unfolding of
maltose-binding protein (8) showed that the helical lid and the
binding cleft were implicated in binding. The helical lid lifted
off the �-subdomain when the chaperone bound to a partially
folded state of the client (depicted in Fig. 2b, right panel). The
third binding mode has been described when the constitutively
expressed eukaryotic Hsp70, Hsc70, recognizes clathrin via a
short terminal sequence that is unfolded and accessible while
the rest of the protein is folded (see more description of this
system below) (45, 46). These studies point out how the differ-
ent substrate-binding modes of Hsp70s may underlie the func-
tional diversity of this family of chaperones.

How does Hsp70 binding affect its client protein and how does
this relate to Hsp70 functions?

Understanding how the interaction of Hsp70s affects the
conformational ensemble of their clients will be needed to
understand the physiological roles of Hsp70s, but the evidence
accumulated so far indicates that the action of Hsp70s may
differ from substrate to substrate. NMR experiments showed
that DnaK immobilizes its substrates in the region of the bind-
ing sites but causes only a modest effect on the conformations
sampled by the sequences surrounding them (47, 48). This con-
stitutes a holding model and ascribes a fairly passive role to the
Hsp70 chaperone with the binding and hydrolysis of ATP act-
ing predominantly as a timing mechanism.

An alternative result was reported using single molecule fluo-
rescence (49). The authors found that the denatured rhodanese
was markedly expanded upon interaction with DnaK, and a
model was proposed where multiple DnaKs bind simultane-
ously to the client. This single molecule fluorescence result is
consistent with an “unfoldase” role of the chaperone, described
as “entropic pulling,” in which the binding of chaperones is
postulated to exert a force on the client in such a way that
regions apart from the binding site are unfolded (24, 50, 51). In
this model, the energy from ATP is used to re-route an Hsp70
substrate from a misfolding pathway to a productive pathway to
native protein by stabilizing a nonequilibrium state of the pro-
tein. Quantitative analysis based on this model can account for
the energy demand of Hsp70s.

Although the holding/unfolding models and exact descrip-
tion of how or whether Hsp70s alter the folding of their
substrates remain a subject of debate and will require more
experimentation, chaperone action is likely to be substrate-de-
pendent, and there is widespread agreement that regardless of
the detailed mechanism, the action of Hsp70s reduces the like-
lihood of aggregation of its substrates. Many examples show-
ing inhibition of aggregation by Hsp70s have been reported
(52–54).

Examples of the interaction of Hsp70s with physiological
clients

One of the first physiological clients of Hsp70s to be exam-
ined was �32 (55). This transcription factor is a master regulator
of the heat shock response in E. coli, binding to the RNA poly-
merase core enzyme in place of the �70 subunit and targeting
the polymerase to the heat-shock promoters (56). In the
absence of cellular stress, the DnaK system (with its co-chaper-
ones DnaJ and GrpE) inactivates �32 by increasing its degrada-
tion by FtsH. Thus, expression of genes under control of heat-
shock promoters is high when the concentration of the DnaK
system components is lowered by their action on unfolded pro-
teins and low when the DnaK system is free to bind �32.
Detailed analysis of the binding has revealed that there is one
DnaK-binding site in native �32 in an unstructured region
within the 284-amino acid-long �32 molecule. Binding of DnaK
was shown by hydrogen exchange to cause a conformational
change in the N-terminal region of �32, which presumably ren-
ders the transcription factor amenable to proteolytic degrada-
tion. Mutants of �32 that display longer half-lives and thus lose
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regulation of the heat-shock response by chaperone levels are
often poor DnaK binders. Altogether, this system is emblematic
of the physiological exploitation of the functions of the Hsp70
chaperone.

Ensuring that the synthesis and folding of the light and heavy
chains of Igs are coordinated properly was recognized early on
to be a challenge in cells. This led to the discovery of the ER
resident Hsp70, BiP, the heavy-chain binding protein, the role
of which was proposed to be binding to the newly synthesized
heavy chains so that they are protected until they form a com-
plex with their respective light chain (LC) (57). In-depth in vitro
and in vivo studies from the Hendershot and Buchner labs have
led to a model in which the function of BiP is to recognize
incompletely folded states of the heavy chain CH1 domain
which remain reduced until they coordinately fold, oxidize, and
assemble with the corresponding LC (58). Thus, BiP binding
occurs to an unfolded CH1 domain, and the recognition is
mediated by linear sequences, well mimicked by peptides but
not entirely as the lid does not close over the peptide-binding
pocket (43). The timing and coordination of the assembly of the
full IgG is complex and influenced by co-chaperones as well as
other factors (59). Again, this system exemplifies the exploita-
tion of Hsp70’s chaperone functions for a physiological need.

The earliest descriptions of the eukaryotic Hsp70, Hsc70,
was as the clathrin-uncoating ATPase (60), and although this
abundant cytoplasmic chaperone performs many functions, its
role as a specialized disassembler of clathrin coats is a fascinat-
ing example of physiological reliance on its capabilities. A num-
ber of studies have provided a consistent picture of the way
Hsc70 recognizes and facilitates disassembly of clathrin triske-
lions from coated vesicles (6, 46, 61). The Hsc70-binding sites
on clathrin (QLMLT sequences) are at the extreme flexible
C-terminal tails of each clathrin molecule. Following the
canonical mechanism of Hsp70s, the combination of substrate
and JDP activates the ATPase of Hsc70, shifting it to the high-
affinity ADP– bound state and leading to a stable complex of
clathrin triskelion with Hsc70s. The disassembly mechanism
may rely on steric interference of the chaperone-bound triske-
lions with one another in the coat architecture, thus favoring
their free, disassembled state (which in turn remain bound to
the Hsc70 –ADP chaperone). An alternative model invokes a
more active entropic pulling mechanism for Hsc70-mediated
coat disassembly (62).

Hsp70 partners with other chaperones

Many functions of Hsp70s rely on their partnerships with
other classes of chaperones. The hand-off of substrates from
the bacterial Hsp70, DnaK, to the chaperonin GroEL is a classic
demonstration of a chaperone team (63). In the case of nascent
chains, DnaK may interact while a chain is translating, usually
after the ribosome-associated chaperone, trigger factor (64).
Alternatively, DnaK may bind to fully synthesized stress-un-
folded substrates in the cytosol (65). In either case, upon chain
release from DnaK triggered by ATP binding, the partially
folded substrate may then be bound by GroEL, where its folding
to the native state is facilitated by cycles of action of GroEL,
GroES, and ATP. There are similar hand-offs and roles of
Hsp70s in eukaryotes (66), including eukaryotic substrates such

as the von Hippel-Lindau tumor suppressor complex (67),
which follow a pathway from Hsp70 to the chaperonin TRiC to
achieve their complex folds. The Hsp70 role in these cascades of
chaperone is to prevent aggregation of early folding states.

Early biochemical studies showed the cooperative action of
the Hsp70 and Hsp90 chaperones in folding and assembly in
eukaryotes, along with a dedicated co-chaperone Hop, which
facilitates substrate transfer from the Hsp70 to the Hsp90 (69,
70). The hormone receptor maturation pathway is a seminal
physiological example of how Hsp70s function as intermediar-
ies in the multichaperone, Hsp70/Hsp90 system (71). Struc-
tural data suggest that this handoff involves a multicomponent
complex (5). Analogous to its role with the chaperonins, the
Hsp70 appears to hold the client in a significantly and incom-
pletely folded state, prevent its aggregation, and then through
the co-chaperones hand it off for maturation on the Hsp90.
Exciting new biochemical and structural insights about the
interaction of the Hsp70/Hsp90 chaperone team with clients is
emerging recently (71, 72). An interesting twist on the various
proposals for the impact of Hsp70 binding on its clients has
recently been articulated by Rüdiger and co-workers (73), who
tested the partnership between Hsp70 and Hsp90 in the refold-
ing of luciferase. They demonstrate in a reconstituted system
that the Hsp70 interaction leads to a dead-end trapping of the
substrate under physiological conditions and that rescue
requires intervention by an Hsp90 partner (73).

Another important function of Hsp70 is as part of a disaggre-
gation machinery in cells. This topic has been reviewed quite
recently (74), and so we only briefly describe it here. Protein
aggregates are hallmarks of misfolding diseases, although the
etiology of their role in pathology remains unclear. Nonethe-
less, all organisms have developed machinery that has the
capacity to disassemble protein aggregates. In bacteria, this
would be DnaK working with its J-domain partner DnaJ and its
NEF GrpE, and the AAA� ATPase, ClpB. In yeast, the cytoplas-
mic disaggregation machinery comprises an Hsp70 (Ssa1– 4), a
JDP (either Ydj1 or Sis1), an intriguing class of NEF, Hsp110
(here called Sse1/2), and the specialized disaggregation chaper-
one Hsp104. In the metazoan cytoplasm, an Hsp70 (either
HspA1/Hsp70 or HspA8/Hsc70) partners with the JDPs
DnaJA2 and DnaJB1 and a member of the Hsp110 family,
HspH1–3, to make up the disaggregation machinery. In each of
these systems, small heat shock proteins join the party, helping
disaggregation by stabilizing smaller aggregates during aggre-
gate formation and sequestering denaturing/misfolding pro-
teins in a near-native state (75). In the presence of ClpB/
Hsp104, the role of the Hsp70s in disaggregation is to recognize
stretches of accessible polypeptide early on and to activate
the downstream disaggregation machines by handing off the
substrates. In metazoans where the AAA� disaggregases are
absent, the role of Hsp70 comprises both recognition of acces-
sible polypeptide stretches and disentangling of the aggregates.

Hsp70s work with a team of quality control chaperone and
protease partners to play a key role when the cellular decision is
made that a substrate must be degraded, either because it has
no hope of folding on the time scale needed by the cell or
because its lifetime is regulated as part of its cellular function.
The Hsp70s’ action on substrates in degradation decisions is
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dual: recognition of substrates fated for degradation and prep-
aration of these substrates to interact with the downstream
partners in degradation. Both prokaryotic and eukaryotic deg-
radation systems have been the focus of considerable research,
and a recent review summarizes how Hsp70s participate in
these systems (76). Therefore, here we will describe just one
example to illustrate the general role of the Hsp70 in these
systems. In eukaryotes, the chaperone-assisted ubiquitin–
proteasome pathway exploits the canonical substrate-binding
role of the Hsp70 SBD, coupled with interaction of the Hsp70
NBD with a specialized NEF, Bag1, that also interacts with
the proteasome, and the co-chaperone CHIP (C terminus of
Hsp70-interacting protein) that acts as an E3 ubiquitin ligase
and also binds the C-terminal EEVD of the Hsp70 and its part-
ner Hsp90. The whole complex is a nanomachine capable of
recognizing substrates to be degraded, facilitating their tagging
with ubiquitin, and handing them off to the proteasome.

Additional roles of Hsp70s are being described in a growing
number of cellular systems (77–80), and we anticipate that this

trend will continue. These chaperones are central machines of
Nature that have been harnessed throughout evolution in cases
where relatively generic recognition motifs signal the exposure
of sites that ready a client for subsequent steps, and where the
subsequent steps need help: protection from competing pro-
cesses like aggregation, productive hand-off to downstream
interaction partners (Hsp70 to Hsp90), or timing of release to
tune a cellular process (triage decisions for degradation or not)
(81).

J-domain proteins: Hsp70 targeting factors

JDPs are a family of multidomain proteins characterized by
the presence of the so-called J-domain: �70-residue helical
hairpin with a flexible loop of variable length and the universally
conserved His–Pro–Asp (HPD) motif (Fig. 3, a and b). The
J-domain is necessary to trigger ATP hydrolysis in Hsp70s by
binding with its HPD motif to the docked linker and interacting
with NBD and with SBD� (82). The histidine and the aspartate
of the HPD motif access two networks of hydrogen bonds and

Figure 3. Structure and function of JDPs. a, domain organization of JDPs; JD, J-domain; G/F, glycine-phenylalanine–rich region; Zn, zinc finger; �1, first
�-sandwich domain; �2, second �-sandwich domain; DD, dimerization domain. b, NMR structure of the J-domain of E. coli DnaJ (PDB code 1XBL (122))
indicating the four helices of the helical hairpin and the HPD motif. c, structure of the ATP-bound open conformation of E. coli DnaK in complex with the
J-domain of E. coli DnaJ (PDB code 5NRO (82)); NBD lobe I, dark blue; NBD lobe II, light blue; linker, yellow; SBD�, dark green; SBD�, light green; J-domain, purple.
The SBD� was aligned with the structure of the SBD in complex with a substrate peptide (PDB code 1DKX (10)) to show how peptides (dark red) bind to the
ATP-bound open conformation. d, zoom into the structure presented in c showing residues involved in J-domain–DnaK interactions and in substrate and
DnaJ-mediated stimulation of the ATPase activity as sticks, polar contacts as black dashed lines, and hydrophobic interactions as gray hatched lines. e, cartoon
representation of the �-sandwich domains and the zinc finger of the class A JDP Saccharomyces cerevisiae Ydj1 (PDB code 1NLT (86); dimerization domain is
missing in the structure) and the full structure of the class B JDP T. thermophilus DnaJ (PDB code 4J80 (123); J-domain, purple; G/F region, cyan; zinc, dark teal;
�1, light green; �2, yellow; dimerization domain, orange.
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hydrophobic interactions that converge onto the catalytic res-
idues for ATP hydrolysis (Fig. 3, c and d). In addition, the J-do-
main is connected to the pathway that leads the substrate-bind-
ing signal from the hydrophobic pocket in the SBD� to the
interface between SBD� and NBD. The current model for the
substrate and J-domain–mediated synergistic stimulation of
ATP hydrolysis proposes that substrate binding to the SBD�
triggers release of the SBD� from the NBD to allow back-rota-
tion of the two NBD lobes into a position optimal for ATP
hydrolysis (18, 21). The J-domain supports this signal by
increasing the coupling within the pathway. In addition, the
J-domain prevents the linker from slipping out of the lower
crevice to arrest the back rotating NBD lobes at the correct
position. Furthermore, the J-domain tweaks the hydrogen bond
network in the NBD to optimally convert the receiving signals
into ATP hydrolysis. This action of the J-domain is the basis for
its function in targeting Hsp70s to their substrates. The local-
ization of a J-domain may allow Hsp70s to select one specific
binding site out of several alternative sites or even to bind to a
suboptimal site, for example during translocation of a polypep-
tide into mitochondria, where Hsp70 should bind every 20 –30
residues to drive efficient translocation, but a high-affinity
Hsp70 – binding site may not be present in such regular dis-
tances (83). Thus, the presence of a J-domain in any protein is
considered as certain indication for the functional involvement
of an Hsp70, and in the course of evolution the addition of a
J-domain to a protein allowed for the recruitment of the Hsp70
chaperone power. In the absence of an Hsp70 substrate, JDPs
often trigger Hsp70s to bind to themselves to form Hsp70 olig-
omers or to bind instead to the JDP itself. Therefore, interaction
of JDPs with Hsp70s measured for example by surface plasmon
resonance spectroscopy in the presence of ATP reflects the
J-domain targeted binding of Hsp70 to the JDP as a substrate
and is absent in Hsp70 mutants that are defective in ATP
hydrolysis (e.g. DnaK-T199A) or in allostery (e.g. DnaK-
V389A,L390A,L391A,L392A) or in substrate binding (e.g.
DnaK-V436F) (84).

JDPs are traditionally divided into three classes according to
the number of additional domains they share with the name-
giving prototype JDP, E. coli DnaJ (Fig. 3a). Class A shares all
domains with DnaJ, the N-terminal J-domain followed by the
glycine-phenylalanine (G/F)-rich region, two topologically
similar twisted �-sandwich domains with a Zn2� finger
inserted into the first of the two domains and a C-terminal
dimerization domain (Fig. 3e). Class B JDPs contain a J-domain,
a G/F-rich region, and a C-terminal domain (Fig. 3e). The
C-terminal domain of many class B JDPs shares similarity with
the C-terminal domain of DnaJ and also ends in a dimerization
domain but always miss the Zn2� finger. Class C JDPs only
share the J-domain with DnaJ and contain any number of pro-
tein interaction or protein localization motifs (85). Among the
class A and class B JDPs are many members that are considered
to be general JDPs able to interact promiscuously with virtually
all nascent polypeptides or misfolded or aggregated proteins
(Fig. 3c). Class C JDPs are believed to be specialists able to
interact with one or a small subset of Hsp70 substrates or to be
localized where Hsp70 substrates emerge, such as the ribo-

somal exit tunnel (e.g. zuotin) or translocation pores (e.g. Sec63
or Pam18).

How class A and class B JDPs bind substrates is still debated.
The zinc finger and �-sandwich domains of yeast class A JDP
Ydj1 were crystallized with a peptide that augmented one of the
twisted �-sheets of the first �-sandwich domain (Fig. 3c) (86).
However, the structure did not explain the known binding pref-
erence of class A JDPs and were not consistent with biophysical
data (55, 87). A similar construct of the human class B JDP
Hdj1/DNAJB1 was crystallized with four peptides comprising
the C terminus of human Hsc70 (GPTIEEVD) augmenting both
�-sheets of the first �-sandwich domain in a very similar way
(88). The peptides bound in this structure also engage in hydro-
phobic interactions more consistent with the binding prefer-
ence of class A and class B JDPs. These results suggest that there
might be several low-affinity binding sites for simultaneous
interaction with a polypeptide chain, explaining why many class
A and class B JDPs bind proteins with much higher affinity than
peptides.

Recently, it was shown that some class A and class B JDPs
cooperate in protein disaggregation. This cooperation involves
not only a division of labor with DNAJA2 preferentially target-
ing small aggregates and DNAJB1 large aggregates but even
more a direct interaction between the class A and the class B
JDP, suggesting the formation of a high order complex with
Hsp70s (89, 90).

Nucleotide exchange factors: regulators of
Hsp70 –substrate complex lifetime

Basal nucleotide dissociation rates of Hsp70s are generally
very low (0.02– 0.2 s�1) and become rate-limiting for the
ATPase cycle in the presence of substrates and JDPs. Biochem-
ical, crystallographic, and NMR data suggest that the NBD of
Hsp70 toggles between at least two conformations, one with the
nucleotide-binding cleft closed and one with the nucleotide-
binding cleft open, allowing nucleotide binding and release.
The transition rate between the closed and open conformation,
which dictates the nucleotide binding and release rates,
depends on the occupancy of the nucleotide-binding pocket,
with the rate being highest in the nucleotide-free state and
decreasing more and more when ADP, ADP plus phosphate,
and ATP are coordinated by all four NBD subdomains in the
nucleotide-binding pocket (16, 91–93).

Currently, four different families of NEFs are known to accel-
erate nucleotide release in Hsp70 proteins: the GrpE-type NEFs
in bacteria, mitochondria, and plastides; the Bag-domain family
of proteins in the nuclear/cytoplasmic compartment of eukary-
otic cells; the HspBP1-type proteins in the nucleus, cytosol, and
ER; and the Hsp110/Hsp170 family of proteins in the cytosol
and ER (94). Although the different NEFs are structurally unre-
lated and must have evolved independently, they all act on sub-
domain IIB of the NBD to open the nucleotide-binding cleft by
tilting it outward by 13–27° (GrpE, Bag, and Hsp110) or by
rotating it around its longitudinal axis (HspBP1-type) (Fig. 4).

Although E. coli GrpE is a dimer, it seems to interact with a
single DnaK molecule in an asymmetric conformation through
only one of its subunits, contacting subdomains IA, IB, and IIB
of the DnaK NBD (Fig. 4a) (91). Therefore, its small �-sheet
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domain interacts with residues in the nucleotide-binding cleft,
breaking a salt bridge (Arg-56 –Glu-264) that crosses the nucle-
otide-binding cleft in the ADP-bound state and limits nucleo-
tide dissociation (95). The GrpE dimer of Geobacillus kausto-
philus was crystallized in an assembly with two DnaK
molecules, seemingly functionally engaged with both as judged
by the open nucleotide-binding cleft and interactions with sub-
domains IB and IIB of both NBDs, despite also forming an
asymmetric dimer with only one protomer interacting in addi-
tion with subdomain IA of one of the DnaK molecules (96).
Thus, it remains an open question whether all GrpE dimers
could interact with two DnaKs that are in close proximity to
accelerate nucleotide exchange simultaneously or in a rapid
sequential order. Such a mechanism would explain why GrpE is
adimer,whereas theotherNEFs,except forBag2(97), aremono-
meric. GrpE stimulates dissociation of ADP, ADP in the pres-
ence of 10 mM phosphate, and ATP with similar efficacy, sug-
gesting that GrpE can interact with different conformations of
the NBD and actively opens the nucleotide-binding cleft (93,
98).

The Bag-domain proteins are a family of modular multido-
main proteins that share the �80-residue three-helix bundle
Bag-domain that is necessary and sufficient for stimulating
nucleotide release in eukaryotic cytosolic Hsp70 proteins (Fig.
4b). The Bag-domain interacts with NBD subdomains IB and
IIB splaying open the nucleotide-binding cleft. Based on the
significant difference in Bag1-stimulated nucleotide exchange
for ADP, ADP plus phosphate, and ATP, it was proposed that
Bag proteins act more passively and effect nucleotide exchange
only by binding to and stabilizing the open conformation of
Hsp70s’ NBD (93).

Hsp110/Hsp170s are homologs of Hsp70s deviating from
Hsp70s only by the linker between NBD and SBD, which is not
conserved, and insertions of highly charged sequences of differ-
ent lengths in the SBD� between �-strands 7 and 8 and at the
end of the SBD�. They bind with their NBD face-to-face to the
NBD of Hsp70, interacting with subdomains IA, IB, and IIB and
with their SBD� to the side of the NBD, interacting with sub-
domain IIA (Fig. 4c). Although Hsp110s have an ATPase activity
(99), this ability is neither important for nucleotide exchange func-
tion nor for complementation of the deletion of the Hsp110
encoding genes sse1 and sse2 in yeast (100, 101). However, ATP
binding to Hsp110 seems to be important for their nucleotide
exchange function as ATP stabilizes their NBD (101, 102).

The members of the armadillo-repeat HspBP1 family of
NEFs interact mainly with subdomain IIB of the Hsp70 NBD.
These NEFs achieve the opening of the nucleotide-binding cleft

Figure 4. Mode of action of NEFs. Cartoon and surface representations of
crystal structures of different NEFs (orange and yellow) in complex with an
Hsp70 NBD (IA, dark blue; IB, cyan; IIA, light blue; IIB, dark teal), overlaid onto
the full-length solution structure of DnaK (PDB code 2KHO (13), only SBD
shown) to illustrate the position of the SBD. From top to bottom: E. coli GrpE in

complex with E. coli DnaK–NBD (a, PDB code 1DKG (91)); Bag-domain of
human Bag1 in complex with the NBD of bovine Hsc70 (b, PDB code 1HX1
(124)); yeast Sse1 in complex with the NBD of bovine Hsc70 (c, PDB code 3D2E
(125)); yeast Sil1 in complex with the NBD of yeast Kar2 (d, PDB code 3QML
(126)); yeast Sil1 in complex with the NBD of yeast Kar2 overlaid to bovine
Hsc70 and rotated as indicated (yellow arrow indicates the displacement of
subdomain IIB); e, NBD of bovine Hsc70 in complex with ADP, phosphate,
Mg2�, and two K� ions (PDB code 1HPM (68)). The NBDs of all structures are
aligned to subdomains IA, IB, and IIA of the NBD of bovine Hsc70. Dashed lines
at the N termini of GrpE and Sil1 indicate the unstructured regions not pres-
ent in the crystal structure and proposed to bind into the substrate-binding
pocket of Hsp70 (115, 116). The N-terminal methionine (M1) and the first
residue in the structure are indicated.
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by rotating subdomain IIB around its length axis rather than
tilting it away from subdomain IB (Fig. 4d).

Why do Hsp70s need NEFs? As mentioned above, after JDP-
mediated trapping of substrates nucleotide exchange becomes
rate-limiting for substrate release, and NEFs regulate the life-
time of the Hsp70 substrate complex. However, Hsp70 could
have evolved to have a higher nucleotide exchange rate. In gen-
eral, eukaryotic Hsp70s already have a 10-fold higher ADP dis-
sociation rate than the prokaryotic DnaK-type Hsp70s, because
in DnaK two salt bridges across the nucleotide-binding cleft
(Lys-55–Glu-267 and Arg-56 –Glu-264) slow down its opening
and thus ADP dissociation, whereas in eukaryotic Hsp70s only
one salt bridge is retained (Lys-55–Glu-267) (95). The prokary-
otic HscA has none of the two salt bridges and has a 700-fold
higher nucleotide release rate than DnaK (95). Therefore, it
seems that evolution could have tuned the Hsp70 chaperones
optimally for the ATPase cycle. However, HscA seems to be a very
specialized Hsp70 only interacting with one or a small set of sub-
strates, whereas many Hsp70s like DnaK or the eukaryotic consti-
tutive Hsc70 are highly promiscuous, interacting with a large
number of proteins in the nascent or misfolded state. If different
substrates would need to be in complex with Hsp70 for different
lifetimes, then no optimal intrinsic ADP dissociation rate could
have evolved, and NEFs become advantageous.

In addition, the optimal lifetime of the Hsp70 –substrate
complex might be different under different conditions like heat
shock, and regulating the NEF activity might be easier than
adapting the Hsp70 intrinsic ADP dissociation rate directly.
E. coli and Thermus thermophilus GrpE were shown to unfold
reversibly and lose NEF activity at heat shock temperatures,
prolonging the lifetime of the Hsp70 –substrate complex under
conditions when refolding seems impossible (103–105). Also,
regulating the concentration of NEFs could have a profound
influence on Hsp70 chaperone activity as refolding of dena-
tured luciferase and solubilization of amorphous protein aggre-
gates and amyloid fibrils are accelerated by NEFs in vitro only in
a very narrow concentration range (93, 98, 101, 106, 107).
Moreover, not all NEFs work equally well in solubilization of
protein aggregates, suggesting functions beyond nucleotide
exchange (106, 107). When the prokaryotic Hsp70 DnaK coop-
erates with the Hsp100 AAA� chaperone ClpB to solubilize
protein aggregates, GrpE is not necessary for substrate transfer
from DnaK to ClpB. In fact, ClpB and GrpE compete for the
same interaction site on DnaK (108).

In eukaryotic cells, compartmentalization of NEFs could be
another regulatory mechanism for Hsp70 activity. For example,
in yeast the HspBP1-type NEF Fes1 exists in two splice variants:
the major one is cytosolic and the minor one is nuclear (109).
Under heat shock, the cytosolic one is even increased much
more than the nuclear one. Similarly, human Hsp105 is mostly
cytosolic under nonstress conditions and partially translocates
to the nucleus after heat shock (110, 111). Overexpression of
Hsp110 in the nucleus in certain cancer cells is linked to resis-
tance to anti-cancer drugs and poor survival prognosis for the
patient (112). Another aspect of subcellular localization is
found in the Bag family of proteins. There are five different
members of Bag proteins in human cells. These proteins mainly
differ in their N-terminal sequences with a number of different

protein–protein interaction domains that target the Bag pro-
teins to different sites, for example the proteasome (Bag1) (113)
or the cytosolic domain of the TNF� receptor (Bag4/SODD)
(114). Such localization could lead to targeted nucleotide
exchange of Hsp70 and, consequently, upon rebinding of ATP,
to release of Hsp70 substrates.

NEFs can also have a function beyond accelerating nucleo-
tide exchange. Yeast Fes1 and human HspBP1 have a long
unstructured N-terminal sequence that was shown to bind into
the substrate-binding pocket and to prevent rebinding of sub-
strates after nucleotide exchange and ATP-binding–mediated
release (115). This function is essential for Fes1 activity in yeast.
A similar function seems also to be operational in GrpE, which
has an unstructured N-terminal extension that was shown to
compete with substrates for binding to the substrate-binding
cleft, but does not actively accelerate substrate release in the
absence of ATP (116).

Finally, Hsp110 NEFs are able to bind misfolded proteins
(117). How this function contributes to the working of the
Hsp70 chaperone machinery is currently unclear (118).

Current questions

Hsp70s have been known to form oligomeric states for a long
time. More recently, different oligomeric structures in the
ADP- and ATP-bound states were proposed (72, 119). How
these states contribute to Hsp70 function is currently not clear.
Also, as mentioned above class A and class B JDPs form com-
plexes in vitro and in vivo boosting Hsp70 disaggregation activ-
ity (89, 90, 120). Because both class A and class B JDPs are
dimers, potentially four J-domains are available for interacting
with Hsp70s and could target several Hsp70s simultaneously to
bind to aggregates in close proximity to each other. Whether
higher order complexes of Hsp70s are formed here is not clear.
Interestingly, class A and class B complexes do not increase the
efficacy of Hsp70s in breaking and disassembling amyloid fibrils
(107). The number of JDPs has increased significantly during
evolution to multicellular complex organisms, and JDPs within
the same cellular compartment deviate in their Hsp70 interac-
tion surface despite seemingly interacting with the same
Hsp70s. How such deviations in the interaction surface affect
the Hsp70 chaperone activity will be interesting to explore.
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